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(57)  An organic compound hydrogenation appara-
tus 1 of the present invention includes a reaction cell 13
to which an electrolytic solution is supplied, and an an-
ode 11 and a cathode 12 arranged in the reaction cell
13, in which the cathode 12 is made of a material includ-
ing a hydrogen storage material, the cathode being ar-
ranged as a tubular member so that an organic com-
pound as an object to be treated circulates thereinside.
The present invention having the arrangement de-
scribed above can provide a method for hydrogenating
organic compounds and an organic compound hydro-
genation apparatus that can enhance efficiency of hy-
drogenation of the organic compound.
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Description
Technical Field

[0001] The present invention relates to an organic
compound hydrogenation apparatus for conducting hy-
drogenation of an organic compound, and a method for
hydrogenating the organic compound.

Background Art

[0002] Conventionally, hydrogenation (hydrogenat-
ing) reaction of an organic compound and the like has
been utilized in various chemical fields and, for example,
such hydrogenation reactions are actually utilized as
cracking reaction of petroleum in which heavy oil is hy-
drogenated to obtain gasoline or kerosene and tar frac-
tion is hydrogenised so that it is liquefied to be matched
for more purposive use conditions. Further, hydrogena-
tion is utilized in a reaction in which an unsaturated hy-
drocarbon is converted into a corresponding saturated
hydrocarbon, and a reaction in which a halogenated
compound is dehalogenated.

[0003] In addition, as a method for performing hydro-
genation reaction safely and efficiently, there has been
known a method in which an organic compound is
brought in contact with a metal capable of holding hy-
drogen such as palladium and hydrogen storage metal
alloy.

[0004] Further, the aforementioned palladium and
many types of hydrogen storage metal alloy have catal-
ysis, and since hydrogen in palladium or other hydrogen
storage metals has strong reactivity as active hydrogen,
it is said that the palladium and the like function as a
hydrogen-supply source and hydrogenation catalyst to
exert high function as a method for hydrogenating or-
ganic compounds.

[0005] However, in the hydrogenation reaction which
uses palladium or hydrogen storage metal alloy, since
amount of hydrogen that can be absorbed thereinto is
limited, there is such a defect that the stored hydrogen
is consumed along with progress of the reaction and fur-
ther reaction does not proceed, thereby allowing only
so-called a batch system reaction to proceed. Thus, al-
though there is no problem in a laboratory scale opera-
tion, continuous operation is impossible in industrial
scales, thereby resulting in much inefficiency.

[0006] In orderto solve the above-described problem,
there are proposed a method in which by using a reac-
tion cell having an anode and a cathode formed in a di-
vision plate-like shape and made of a hydrogen storage
material, electrolysis is conducted, while allowing an or-
ganic compound to contact with the cathode surface on
a side not facing the anode, and then active hydrogen
generated at the cathode is absorbed and penetrates
the cathode to the side not facing the anode to hydro-
genate the organic compound; and a technique regard-
ing a reaction cell (Japanese Patent Laid-open Applica-
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tion Publication No. 9-184086).

[0007] However, with the aforementioned technique,
since a large effective contact area can be obtained be-
tween the division plate-like cathode and organic com-
pounds, efficiency of hydrogenation of an organic com-
pound is still insufficient.

Disclosure of the Invention

[0008] An object of the present invention is to provide
a method for hydrogenating an organic compound and
an organic compound hydrogenation apparatus which
are capable of enhancing efficiency of hydrogenation of
the organic compound.

[0009] In order to achieve the above-described ob-
ject, an organic compound hydrogenation apparatus ac-
cording to an aspect of the present invention for hydro-
genating an organic compound includes: a reaction cell
to which an electrolytic solution is supplied; and an an-
ode and a cathode arranged in the reaction cell, in which
the cathode is made of a material including a hydrogen
storage material, the cathode being arranged as a tubu-
lar member so that the organic compound as an object
to be treated circulates thereinside.

[0010] Here, as for the anode, platinum, carbon, nick-
el, stainless-steel and the like can be exemplified. The
cathode may be any tubular members, which have a po-
lygonal cross section such as triangle, tetragon or pen-
tagon, or may have a circular or ellipsoidal cross section.
A plurality of tubular members may also be used.
[0011] As for the hydrogen storage material, palladi-
um, palladium alloy such as palladium-sliver alloy, rare-
earth metal alloy such as lanthanum-nickel alloy, misch
metal-nickel alloy, titanium, zirconium alloy and the like
can be exemplified.

[0012] In addition, in order to allow the hydrogenation
reaction in the tubular cathode to proceed smoothly, it
is preferable that a contact area between the organic
compound and the inner surface of the cathode is suf-
ficiently large, and thus desirably the surface of the con-
tact portion is sufficiently roughened.

[0013] In order to roughen the inner surface of the
tube of the cathode, blast treatment or etching treatment
is desirable. Although a degree of treatment is not par-
ticularly limited, the blast treatment is preferably carried
out by using an alumina grid having around 15 to 20
meshes, whereby substantial surface area becomes 2
to 3 times.

[0014] There is no particular limitation for a reaction
cell as long as it has a size and shape that can incorpo-
rate the anode and cathode.

[0015] The electrolytic solution with which the reac-
tion cell is filled is not particularly limited as long as the
solution generates hydrogen from the cathode at the
time of the electrolysis. For instance, potassium hydrox-
ide, sodium hydroxide and the like can be exemplified
a basic electrolytic solution. Also, aqueous sulfuric acid
solution, aqueous hydrochloric acid solution and the like
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can be exemplified as an acidic electrolytic solution.
[0016] Reactions generated inthe electrolytic solution
upon the electrolysis will be described below. When the
electrolytic solution is a basic one such as an aqueous
potassium hydroxide solution or aqueous sodium hy-
droxide solution, or is a neutral one, the reaction formula
is as shown below in Formula (l).

H,0+e — Had + OH 0]

[0017] When the electrolytic solution is an acidic one
such as an aqueous sulfuric acid solution, an aqueous
hydrochloric acid solution, or the like, the reaction for-
mula is as shown below in Formula (Il).

H* +e — Had (In)

[0018] Inthese Formulae (l) and (Il), Had is adsorbed
hydrogen and, the reaction according to the above For-
mula (1) or (1) occurs on the outside surface of the cath-
ode contacting with the electrolytic solution. The Had in
Formulae (1) and (ll) is held on the outside surface of the
cathode in an adsorbed state. The adsorbed hydrogen
is converted into a state absorbed in the cathode, as
represented by following Formula (1) below.

Had — Hab (1)

[0019] In Formula (lll), Hab is an absorbed hydrogen.
The Hab in Formula (lll) reacts with the organic com-
pound supplied inside the cathode to hydrogenate the
organic compound.

[0020] Hydrogen which has been absorbed in the
cathode is consumed only when the cathode contacts
with the organic compounds so that hydrogenation of
the organic compound occurs. A consumed amount of
hydrogen is produced along with the progress of the re-
action, and is absorbed in the cathode, thereby leading
to a state in which hydrogen is constantly absorbed in
the cathode in an amount close to the maximum absorp-
tion amount.

[0021] The hydrogenation reaction of the organic
compound according to the present invention includes
reduction reaction of aliphatic or aromatic unsaturated
hydrocarbons having a double bond or a triple bond
such as ethylene, propylene, 1-octene or 2-octene,
acetylene, styrene and quinone into corresponding sat-
urated hydrocarbons, the reaction generating ethane,
propane, n-octene (Translator's comment: correctly, n-
octane), ethane, ethylbenzene and hydroquinone, re-
spectively.

[0022] Further, the hydrogenation reaction of the or-
ganic compound according to the present invention also
includes dehalogenation reaction of halogenated aro-
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matic compounds such as 2-chlorophenol, 4-chlorotol-
uene and dioxins, the reaction generating phenol, tolu-
ene and dehalgenated compounds of dioxins, respec-
tively.

[0023] Examples of the halogenated compound in-
clude halogenated aromatic compounds and halogen-
ated aliphatic compounds, and examples of halogen in-
clude fluorine, chlorine, bromine and iodine.

[0024] Furthermore, a bond of long chain hydrocar-
bon such as paraffin also can be broken by hydrogena-
tion to generate two or more types of short chain hydro-
carbon (cracking). In addition, the present invention can
be applied to generate benzyl alcohol by hydrogenation
of benzaldehyde and to generate nitrosobenzene or an-
iline by hydrogenation of nitrobenzene.

[0025] The organic compound to be treated is not nec-
essarily in liquid form, but may be in gaseous or solid
form. In the case of gaseous form, gas is passed through
the cathode as pressurized gas as it stands or by being
pressurized. In order to allow the reaction to proceed
better, gas may be blown into the cathode. In the case
of solid, it may be suspended in a solvent to be brought
in contact with the cathode, or may be made into powder
and blown as it stands into the cathode.

[0026] According to the present invention described
above, since the cathode is made of a material including
a hydrogen storage material, and is arranged as a tubu-
lar member so that the organic compound as an object
to be treated circulates inside, conducting electrolysis
in a reaction cell filled with an electrolytic solution results
in generation of hydrogen on the outer surface of the
cathode, and the generated hydrogen is absorbed in the
tube wall of the cathode. Then, since the organic com-
pound circulating inside the tube is in a state surrounded
by the tube wall of the cathode, it can easily contact with
the tube wall in which hydrogen is absorbed, so that a
contact area effective for hydrogenation of organic com-
pounds becomes larger as compared to that of a con-
ventional cathode having a division plate-like shape or
the like, thereby enhancing the efficiency of hydrogen-
ation of the organic compound.

[0027] The cathode may also be formed on a support
by coating or the like.

[0028] Inthe organic compound hydrogenation appa-
ratus according to the present invention, it is preferable
that the hydrogen storage material is palladium.
[0029] With the arrangement, since palladium has
very high hydrogen permeability and, has a catalytic ac-
tivity for hydrogenation, it is suitable for the hydrogen
storage material for use in the present invention.
[0030] Inthe organic compound hydrogenation appa-
ratus according to the present invention, it is preferable
that the cathode is formed by providing surface treat-
ment on an inner surface of the tubular member with the
hydrogen storage material.

[0031] Here, example of the surface treatment of the
hydrogen storage material on the inner surface of the
cathode includes a surface treatment method in which
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palladium black is formed on the inner surface of the
cathode by electrolytic reduction treatment of palladium
chloride.

[0032] With the arrangement, since the hydrogen
storage material itself acts as a catalyst upon hydrogen-
ation reaction of the organic compound, reaction rate of
the hydrogenation reaction can be enhanced further.
[0033] Inthe organic compound hydrogenation appa-
ratus according to the present invention, it is preferable
that the cathode is formed by filling the tubular member
with the hydrogen storage material.

[0034] Here, as for the form of the hydrogen storage
material, in addition to hydrogen storage material having
a shape of powder or fiber, a form in which the hydrogen
storage material is supported or coated on various car-
riers having the shape can be used.

[0035] With the arrangement, since the hydrogen
storage material has a large surface area, which in-
creases an area where the organic compound contacts
effectively with hydrogen, reaction rate of the hydrogen-
ation reaction can further be enhanced.

[0036] As for the carrier, those used for usual cata-
lysts can be exemplified, including silica, alumina, silica-
alumina, activated carbon, carbon fiber and the like.
[0037] A method for hydrogenating an organic com-
pound according to another aspect of the presentinven-
tion to hydrogenate the organic compound includes the
steps of: by using a reaction cell having an anode and
a tubular cathode made of a hydrogen storage material,
applying voltage between the anode and the cathode to
electrolyze an electrolytic solution existing between the
anode and the cathode; and circulating the organic com-
pound as the object to be treated inside the tubular cath-
ode to hydrogenate the organic compound.

[0038] According to the present invention described
above, by electrolyzing the electrolytic solution existing
between the anode and cathode, while circulating the
organic compound as an object to be treated inside the
tube of the cathode, hydrogen is generated on the outer
surface of the cathode and the generated hydrogen is
absorbed in the tube wall of the cathode. Further, since
the circulating organic compound is in a state surround-
ed by the tube wall of the cathode, it can easily contact
with the tube wall in which hydrogen has been absorbed,
and the contact area effective for hydrogenation of the
organic compound becomes larger as compared to the
conventional division plate-like cathode and the like,
thereby enhancing the efficiency of hydrogenation of the
organic compound.

[0039] In the method for hydrogenating the organic
compound according to the present invention, feed rate
of the organic compound is preferably controlled as
needed in accordance with status of the reduction.
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Brief Description of Drawings
[0040]

Fig. 1 is a schematic view showing a hydrogenation
apparatus according to an embodiment of the
present invention;

Fig. 2 is a table showing a relation between elec-
trolysis current value and cell voltage when surface
area of an electrolysis cell is 8 cm? and an electro-
lytic solution is a 0.3 M aqueous sulfuric acid solu-
tion;

Fig. 3 is a table showing measurement conditions
and measurement results in Examples 1 to 5;

Fig. 4 is a table showing measurement conditions
and measurement results in Examples 6;

Fig. 5 is a table showing measurement conditions
and measurement results in Examples 7 and 8 and
Comparison 2; and

Fig 6 is a graph showing relation of the number of
cycles and remaining ratio of remaining chlorinated
aromatic compound.

Best mode for Carrying out the Invention

[0041] Anembodiment of the presentinvention will be
described below with reference to the attached draw-
ings.

[0042] Fig. 1 shows a hydrogenation apparatus 1 of
an organic compound according to the embodiment of
the present invention.

[0043] The hydrogenation apparatus 1 is a hydrogen-
ation apparatus for hydrogenating an organic com-
pound, which includes a cylindrical reaction cell 13 hav-
ing therein an anode 11 and a cathode 12 made of a
material including a hydrogen storage material, a power
source 14 for applying voltage to the anode 11 and cath-
ode 12, an electrolytic solution pump 15 for supplying
an electrolytic solution into the reaction cell 13, an elec-
trolytic solution reservoir 16, an organic compound
pump 17, and an organic compound reservoir 18.
[0044] Examples of the organic compound as an ob-
ject to be treated include liquid aliphatic or aromatic un-
saturated hydrocarbons having a double bond or a triple
bond such as ethylene, propylene, 1-octene and 2-oc-
tene, acetylene, styrene, quinones, paraffins, benzalde-
hyde and nitrobenzene.

[0045] Also, halogenated aromatic compounds such
as 2-chlorophenol, 4-chlorotoluene and dioxins may be
used as the organic compound as the object to be treat-
ed, the halogenated aromatic compounds being sub-
jected to dehalogenation reaction.

[0046] The cathode 12 is formed by a tubular member
made of palladium, which divides the inside of the reac-
tion cell 13 into an electrolytic chamber 13A and a hy-
drogenation chamber 12A (each described later) and
penetrates the cylindrical reaction cell 13 along a central
axis thereof and the organic compound as the object to
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be treated circulates inside the tubular member. An in-
ternal space of the tubular member is defined as the hy-
drogenation chamber 12A.

[0047] Palladium black is formed on an inner surface
of tubular member of the cathode 12 by electrolysis re-
duction treatment of palladium chloride.

[0048] Further, surface roughening treatment is pro-
vided to the inner surface of tubular member of the cath-
ode 12. Blast treatment, etching treatment and the like
can be exemplified as the surface roughening treat-
ment.

[0049] The reaction cell 13 is a cylindrical member
with upper and lower sides thereof being closed with
platy members, to which the electrolytic solution is sup-
plied. A space excluding the cathode 12 in the reaction
cell 13 defines the electrolytic chamber 13A. A dis-
charge port 131 and a supply port 132 each correspond-
ing to the inner diameter of the cathode 12 are formed
at the centers of the platy members on the upper and
lower sides of the reaction cell 13 for discharging and
supplying the organic compound.

[0050] A discharge port 133 and a supply port 134 for
discharging and supplying an electrolytic solution are
provided at a radially-outer part from the center of the
platy member on the lower side of the reaction cell 13.
[0051] A gasexhaustport 135 for exhausting gas gen-
erated from the electrolytic solution in the reaction cell
13 upon electrolysis is provided at a radially-outer part
from the center of the platy member on the upper side
of the reaction cell 13.

[0052] Although not shown, these discharge port 131,
supply port 132, discharge port 133, supply port 134 and
gas exhaust port 135 can be arbitrarily opened and
closed by valves or the like.

[0053] The reaction cell 13 is filled with the electrolytic
solution. The electrolytic solution is aqueous sulfuric ac-
id solution of 0.01 to 10 N (normal).

[0054] When the concentration of the aqueous sulfu-
ric acid solution is less than 0.01 N, sometimes an effi-
ciency of electrolysis is low and thus the amount of the
generated hydrogen becomes small, which is insuffi-
cient for continuously hydrogenating organic com-
pounds.

[0055] On the other hand, when the concentration of
an aqueous sulfuric acid solution exceeds 10 N, some-
times material cost increases, because sulfuric acid that
produces hydrogen of more than a limit amount required
for the hydrogenation is consumed.

[0056] The powersource 14 is a voltage variable pow-
er source. A positive electrode of the power source 14
is connected to the anode 11, while a negative electrode
of the power source 14 is connected to the cathode 12.
[0057] The electrolytic solution pump 15 supplies the
electrolytic solution stored in the electrolytic solution
reservoir 16 into the reaction cell 13 via the supply port
134. Although not shown, a valve or the like may be pro-
vided between the electrolytic solution pump 15 and the
supply port 134.
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[0058] The organic compound pump 17 supplies the
organic compound stored in the organic compound res-
ervoir 18 into the cathode 12 via the supply port 132.
Although not shown, a valve or the like may be provided
between the organic compound pump 17 and the supply
port 132 to control feed rate of the organic compound.
[0059] A method for hydrogenating the organic com-
pound using the hydrogenation apparatus 1 will be de-
scribed below.

[0060] First, by actuating the electrolytic solution
pump 15, the electrolytic solution stored in the electro-
lytic solution reservoir 16 is supplied into the electrolytic
chamber 13A of the reaction cell 13 via the supply port
134. After checking that the electrolytic chamber 13A is
filled with the electrolytic solution, the power source 14
is actuated to apply voltage between the anode 11 and
cathode 12.

[0061] At this time, the voltage applied between the
anode 11 and cathode 12 is not particularly limited but,
from the point of the apparatus, 0.1 to 100 V is prefera-
ble.

[0062] In the electrolytic solution, electrolysis starts,
and since the electrolytic solution is aqueous sulfuric ac-
id solution which is acidic, reactions described below oc-
cur on contact surfaces of the anode 11 and cathode 12
contacting with the electrolytic solution. A reaction rep-
resented by Formula (V) below occurs on the anode 11.

2H,0 — O, +4H" + 4¢’ (V)

[0063] A reaction represented by Formula (V) below
occurs on the cathode 12.

H" +e — Had

V)

[0064] In Formula (V), Had is adsorbed hydrogen.
The Had in Formula (V) is held on the outer surface of
cathode 12 in an adsorbed state. The adsorbed hydro-
gen is converted into an absorbed state on a tube wall
of cathode 12 as represented by Formula (V1) below.

Had — Hab (V1)

[0065] In Formula (VI), Hab is absorbed hydrogen.
[0066] After power distribution from the power source
14 starts and electrolysis starts in the electrolytic solu-
tion, by actuating the organic compound pump 17, the
organic compound stored in the organic compound res-
ervoir 18 is circulated inside the tube portion of cathode
12, that is, the hydrogenation chamber 12A via the sup-
ply port 132.

[0067] Atthistime, feed rate of the organic compound
can be controlled by adjusting the organic compound
pump 17.
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[0068] Hydrogen absorbed in the cathode 12 (Hab in
Formula (V1)) reaches the hydrogenation chamber 12A
of the cathode 12, which reacts with the organic com-
pound supplied to the hydrogenation chamber 12A to
reduce the organic compound.

[0069] Incidentally, during conducting the electrolysis,
0O, and H, gas are generated in the reaction cell 13, as
shown in above Formulae (V) and (V). Therefore, the
gas exhaust port 135 is appropriately opened and
closed to exhaust gasses of O, and excess H, gas that
has not been absorbed.

[0070] As for a more specific method for hydrogenat-
ing unsaturated organic compounds using the hydro-
genation apparatus 1, for example, a following method
can be employed.

[0071] 1 mmol of reaction substrate is dissolved in an
organic solvent (such as methanol or ethyl acetate) to
prepare 10 ml of a 0.1 M solution. Pre-electrolysis is pre-
viously conducted (around 100 to 500 mA, 500 C) up to
a state in which palladium black on the inner surface of
the palladium tube of the cathode 12 absorbs hydrogen
sufficiently. Subsequently, electrolysis is conducted
while circulating the prepared solution inside the tube at
various flow rates. Electrolysis current value is suitably
set while considering both of time period for reaction and
current efficiency. When the reaction time is intended to
be set as short as possible, electrolysis is preferably
conducted with a large current value. However, in this
case, current efficiency is lowered. On the other hand,
when it is intended to conduct the reaction with an en-
hanced current efficiency, a small current value is se-
lected. However, in this case, the reaction time increas-
es.

[0072] Relation between the electrolysis current value
and the cell voltage is as shown in Fig. 2 when, for in-
stance, surface area of an electrolysis cell is 8 cm? and
the electrolytic solution is a 0.3 M aqueous sulfuric acid
solution.

[0073] According to the embodiment described
above, following advantages can be obtained.

(1) Since the cathode 12 is made of a material in-
cluding a hydrogen storage material, and is ar-
ranged as a tubular member so that the organic
compound as the object to be treated circulates in-
side, when electrolysis is conducted in the reaction
cell 13 filled with the electrolytic solution, hydrogen
is generated on the outer surface of cathode 12, and
the generated hydrogen is absorbed in the tube wall
of cathode 12. Then, since the organic compound
circulating inside the tube is in a state surrounded
by the tube wall of the cathode, it can easily contact
with the tube wall in which hydrogen is absorbed,
and a contact area effective for hydrogenating the
organic compound becomes larger as compared to
that of a conventional cathode having a division
plate-like shape or the like. Thus, the efficiency of
hydrogenation of the organic compound can be en-
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hanced.

(2) Since palladium has very high hydrogen perme-
ability, and a catalytic activity for hydrogenation, it
is suitable as the hydrogen storage material for the
cathode 12.

(3) Palladium black is formed on the inner surface
of the tubular member of the cathode 12 by electrol-
ysis reduction treatment of palladium chloride, and
since palladium black acts as a catalyst upon hy-
drogenation reaction, reaction rate can be en-
hanced.

(4) Since surface-roughening treatment is provided
on the inner surface of the tubular member of the
cathode 12, substantial surface area, thereby en-
hancing reactivity of hydrogenation reaction of the
organic compound.

[0074] Incidentally, the present invention is not limited
to the aforementioned embodiment, and any variations
and improvements are included in the present invention
so far as the object of the present invention can be
achieved.

[0075] Although platinum is used as the anode 11 in
the aforementioned embodiment, carbon, nickel, stain-
less-steel or the like may also be used.

[0076] Although the tubular member having the circu-
lar cross section is used as the cathode 12 in the afore-
mentioned embodiment, the cathode 12 may have a po-
lygonal cross section such as triangle, quadrangle and
pentagon, or may have elliptic cross section.

[0077] Although the cathode 12 is made of palladium
in the aforementioned embodiment, the cathode 12 may
be made of palladium alloy such as palladium-silver al-
loy, rare-earth metal alloy such as lanthanum-nickel al-
loy, misch meta-nickel alloy, a titanium alloy or a zirco-
nium alloy.

[0078] Further, the cathode 12 may be filled with hy-
drogen storage material inside the tubular member.
[0079] Here, as for the form of the hydrogen storage
material, in addition to hydrogen storage material having
a shape of powder, fiber or the like, a form in which the
hydrogen storage material is supported or coated on
various carriers having the above-described shape can
be used.

[0080] With the arrangement, the aforementioned hy-
drogen storage material has a large surface area, which
increases area where the organic compound and hydro-
gen contact effectively, thereby further enhancing reac-
tion rate.

[0081] As for the carrier, those used for usual cata-
lysts can be exemplified, including silica, alumina, silica-
alumina, activated carbon, carbon fiber and the like.
[0082] Although the organic compound to be treated
is in liquid form in the aforementioned embodiment, the
organic compound may be in gaseous or solid form. In
the case of gaseous form, gas is passed through the
cathode 12 as pressurized gas as it stands or after being
pressurized. In order to allow the reaction to proceed
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better, gas may be blown into the cathode 12. Inthe case
of solid, it may be suspended in a solvent and brought
into contact with the cathode, or may be made into pow-
der and blown as it stands into the cathode.

[0083] Specific configurations and profiles when im-
plementing the present invention may be other configu-
rations or the like as long as the object of the present
invention can be attained

[0084] The present invention will be described more
specifically referring to Examples and Comparisons.
However, the present invention is not limited to the con-
tent of the Examples and the like.

[Examples 1 to 5]

[0085] Hydrogenation reaction of an organic com-
pound was conducted by using the hydrogenation ap-
paratus 1 of the aforementioned embodiment.

(1) Modification of Inner Surface of Palladium Tube
of Cathode 12 with Palladium Black:

Prior to hydrogenation reaction of the organic
compound, palladium black was formed on an inner
surface of a tubular member as the cathode 12 by
electrolysis reduction treatment of palladium chlo-
ride according to the following procedure.

Around 100 to 300 mg of PdCl, was added to
a 1 M aqueous hydrochloric acid (HCI) solution and
stirred to dissolve to a maximum extent. The pre-
pared solution was circulated inside a palladium
tube at a flow rate of 2.5 cm3/min using a pressure
feed pump or a pump for liquid chromatography.

Electrolytic reduction was conducted using the
palladium tube (inner diameter 2.5 mm, length 8
cm) as a cathode at a constant current (80 mA/cm-2
to 500 mA/cm2) (Translator's comment: correctly,
80 mAicm? to 500 mAlcm?) to modify the inside of
the palladium tube with palladium black. At this
time, hydrogenation reaction can be conducted
more effectively by performing modification after fill-
ing the tube with carbon fiber and the like.

(2) Hydrogenation Reaction of Organic Compound:

Each 1 mmol of unsaturated organic com-
pounds shown in Entry of Fig. 2 (Translator's com-
ment: correctly, Fig. 3) was dissolved in ethyl ace-
tate to prepare 10 ml of a 0.1 M solution. The hy-
drogenation apparatus 1 of the present invention
was applied to the respective unsaturated organic
compounds shown in Fig. 2 (Translator's comment:
correctly, Fig. 3) starting from the top column down-
ward, which defines Examples 1 to 5 in this order.

[0086] Using the hydrogenation apparatus 1, which is
provided with a platinum wire as the anode 11 and a
palladium tube having been modified according to meth-
od (1) as the cathode 12 in a 0.3 M aqueous sulfuric acid
solution, constant-current electrolysis (electrical flow
2F/mol) was conducted at 260 mA while flowing each of
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the prepared solutions of Examples 1 to 5 into the pal-
ladium tube at a flow rate of 0.8 cm3/min by a pressure
feed pump, and hydrogenation of the unsaturated or-
ganic compound was conducted. A cell voltage at this
time was about 2.9 V.

[0087] After the reaction ends, the solution was col-
lected and concentrated and, finally, analyzed qualita-
tively/quantitatively with NMR, GC and GC-MS to obtain
yield and current efficiency. The results are shown in
Fig. 3.

[Example 6]

[0088] Ethyl cinnamate was used as an unsaturated
organic compound and hydrogenation was conducted
under the same measurement conditions as those in Ex-
amples 1 to 5. Then, yield and current efficiency were
obtained in the same way as described above. Meas-
urement conditions and measurement results are
shown in Fig. 4.

[Comparison 1]

[0089] Using a cell represented in the aforementioned
patent document 1 (Translator's comment: correctly,
Japanese Patent Laid-open Application No. 9-184086),
in which an electrolytic chamber and a hydrogenation
chamber is divided by a palladium plate, hydrogenation
reaction of organic substance was conducted under the
following conditions.

(1) Modification of Palladium Plate with Black Pal-
ladium:

A diaphragm type electrolysis cell was assem-
bled using a palladium plate (effective surface area
of about 2.2 cm?2) having a thickness of 50 um,
which served both as a diaphragm and a cathode.
The electrolytic chamber side was filled with a 0.3
M aqueous sulfuric acid solution, while the reaction
chamber side was filled with 15 ml of a 28 mM PdCl,
solution prepared by dissolving 74 mg of PdCl, in a
1 M aqueous HCI solution.

Using a 2 cm X 2 cm platinum plate as an an-
ode, and a palladium plate of the aforementioned
specification as a cathode, a constant-current elec-
trolysis at 50 mA/cm?2 was conducted for 1 hour to
deposit palladium black on the palladium plate sur-
face of the reaction chamber side.

(2) Hydrogenation Reaction of Organic Compound:

Using the electrolysis cell having a specifica-
tion similar to that described in the aforementioned
patent document 1 (Translator's comment: correct-
ly, Japanese Patent Laid-open Application No.
9-184086), to which the above-described treatment
(1) had been provided, hydrogenation reaction of
ethyl cinnamate was conducted according to the fol-
lowing procedure.

In the reaction chamber side, 10 ml of a 0.1 M
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solution was prepared by dissolving 1 mmol of ethyl
cinnamate in ethyl acetate. A constant-current elec-
trolysis was conducted at a current value of 260 mA
and an electrical flow of 2F/mol to hydrogenate ethyl
cinnamate. A cell voltage at this time was 2.4 V.

[0090] After the reaction ends, the solution was col-
lected and concentrated and, finally, analyzed qualita-
tively/quantitatively with NMR, GC and GC-MS to obtain
yield and current efficiency. Conditions and results at
that time are shown in Fig. 5.

[Evaluation Results]

[0091] As shown in Fig. 3, it was confirmed that the
hydrogenation apparatus 1 was able to hydrogenate
various unsaturated organic compounds, and had very
high yield and current efficiency, which was excellent.
[0092] Further, as shown in Fig. 4, it was confirmed
that the hydrogenation apparatus 1 according to the
present invention had very high yield and current effi-
ciency as compared to the conventional hydrogenation
apparatus provided with the palladium plate even under
the same reaction conditions, and that the hydrogena-
tion apparatus was highly-effective as compared to the
conventional one.

[0093] Furthermore, an inner surface area of the pal-
ladium tube in Example 6 was 7 cm2 and the surface
area of the palladium plate in Comparison was 2.2 cm?2.
Calculation of current efficiency per unit area based on
these surface areas gave 13%/cm2 for Example 6 and,
on the other hand, 4.5%/cm?2 for Comparison. From the
result, it was confirmed that the hydrogenation appara-
tus 1 in Example 6 has a higher current efficiency per
unit area.

[Examples 7, 8 and Comparison 2]

[0094] As one embodiment of hydrogenation reaction
of chlorinated aromatic compounds, 2-chlorophenol
was dechlorinated and, at the same time, yield, current
efficiency and current efficiency per unit area were com-
pared between conditions where a palladium tube elec-
trode was used and a palladium plate electrode was
used.

(1-a) Modification of Inner Surface of Palladium
Tube of Cathode 12 with Palladium Black:

For the palladium tube electrode used for the
hydrogenation apparatus 1 in Example 7, prior to
dechlorination reaction of a chlorinated aromatic
compound, palladium black was formed on the in-
ner surface of tubular member of the cathode 12 by
electrolytic reduction treatment of palladium chlo-
ride according to the following procedure as was the
case with Example 1.

That is, around 100 to 300 mg of PdCl, was
added to a 1 M aqueous hydrochloric acid (HCI) so-
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lution and stirred to dissolve to a maximum extent.
The prepared solution was circulated inside the
tube at a flow rate of 2.5 cm3/min using a pressure
feed pump or a pump for liquid chromatography.

By conducting electrolytic reduction while using
the palladium tube (inner diameter 2.5 mm, length
8 cm) as a cathode at a constant current (80 mA/
cm? to 500 mA/cm?2) to modify the inside of the pal-
ladium tube with palladium black.

(1-b) Modification of Inner Surface of Palladium
Tube and Carbon Fiber Filled in Palladium Tube
with Palladium Black:

As for the palladium tube electrode used for the
hydrogenation apparatus 1 in Example 8, the tubu-
lar member of the cathode 12 was filled with carbon
fiber having a diameter of about 0.2 to 0.4 mm and
a length of about 10 cm, then by using a method
similar to (1-a), the palladium tube electrode in
which the inner surface of the palladium tube and
the carbon fiber filled in the palladium tube were
modified with palladium black was obtained.

(1-c) Modification of Palladium Plate with Black Pal-
ladium:

In order to prepare a palladium platy electrode
used for a hydrogenation apparatus in Comparison
2, first, a diaphragm type electrolysis cell was as-
sembled using a palladium plate having a thickness
of 50 um, which served both as a diaphragm and a
cathode (surface area of palladium plate: about 2.2
cm?2). The electrolytic chamber side was filled with
15 ml of a 0.3 M aqueous sulfuric acid solution,
while the reaction chamber side was filled with 15
ml of a 28 mM PdClI, solution for modification pre-
pared by dissolving 74 mg of PdCl, in a 1 M aque-
ous hydrochloric acid solution , respectively.

Then, using a platinum plate (size: 2 cm X 2
cm) as an anode and the palladium plate to be mod-
ified as a cathode, constant-current electrolysis was
conducted at 50 mA/cm? for 1 hour to deposit pal-
ladium black to the palladium plate surface of the
reaction chamber side.

(2) Dechlorination Treatment of Chlorinated Aro-
matic Compound:

The reaction chamber side of the hydrogena-
tion apparatus 1 was filled with 10 ml of a 0.1 M
aqueous 2-chlorophenol solution prepared by dis-
solving weighed 1 mmol of 2-chlorophenol in dis-
tilled water. The electrolytic chamber side was filled
with 15 ml of a 0.3 M aqueous sulfuric acid solution.

Then, using the palladium tube electrodes ob-
tained in the aforementioned (1-a), (1-b) and the
palladium plate electrode obtained in (1-c), con-
stant-current electrolysis were conducted under the
same conditions, that is, an electrolysis current val-
ue of 260 mA and an electrical flow of 2 F/mol, to
dechlorinate 2-chlorophenol. After the reaction
ends, respective solutions were collected and ana-
lyzed qualitatively/quantitatively with NMR, GC and
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GC-MS to check a generated amount of corre-
sponding phenol and, at the same time, to compare
and evaluate yields and current efficiencies. The re-
sults are shown in Fig. 5.

As shown in Fig. 5, it was confirmed that the
hydrogenation apparatus 1 in which the palladium
tube electrode obtained in (1-a) was used (Example
7) and the hydrogenation apparatus 1 in which the
palladium tube electrode obtained in (1-b) was used
(Example 8) had very high yield of phenol as a gen-
erated product and current efficiency as compared
to the hydrogenation apparatus in which the palla-
dium platy electrode obtained in (1-c) was used
(Comparison 2).

Accordingly, it was confirmed that the hydro-
genation apparatus 1 of the present invention using
the palladium tube electrode was an effective hy-
drogenation apparatus as compared to the conven-
tional one.

Further, the inner surface area of the palladium
tube electrodes obtained in (1-a) and (1-b) were 7
cm?2, and surface area of the palladium platy elec-
trode obtained in (1-c) was 2.2 cm2. Thus, calcula-
tion of current efficiency per unit area gave 10%/
cm? for the palladium tubular electrode in Example
8, and 3.6%/cm? for the palladium platy electrode
in Comparison 2. Accordingly, it was confirmed that
the hydrogenation apparatus 1 of the present inven-
tion is superior also in the current efficiency per unit
area.

[Test example 1]

[0095] Using the hydrogenation apparatus 1 of the
present invention, 4-chlorotoluene and 2-chlorophenol,
which are chlorinated aromatic compounds, were
dechlorinated.

(1) Preparation of Chlorinated Aromatic Compound
Solution:

Two kinds, 4-chlorotoluene and 2-chlorophe-
nol, were used as the chlorinated aromatic
compound. Each was weighed by 1 mmol,
which was dissolved in a solvent (methanol for
4-chlorotoluene, distilled water for 2-chloroph-
enol) to prepare 10 ml of a 0.1 M solution, re-
spectively.

(2) Electrolytic Dechlorination Treatment:

An electrolytic dechlorination apparatus em-
ploying the hydrogenation apparatus 1 was
used in a constant-current electrolysis at a cur-
rent density of 50 mA/cm2, while using a plati-
num wire as an anode and the palladium tube
electrode having been modified with palladium
black (surface area: 7 cm?2) obtained in the
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aforementioned (1-a) as a cathode ina 0.3 M
aqueous sulfuric acid solution. Using the elec-
trolytic dechlorination apparatus, dechlorina-
tion treatment was conducted, in which the so-
lution prepared in (1) was circulated inside the
palladium tubular electrode three times at a
flow rate of 0.8 cm3/min with a pressure feed

pump.

[0096] Then, while defining the number of times for
circulating the solution in the palladium tubular electrode
as number of cycles, relation between remaining ratio
of the remaining chlorinated aromatic compound and
the number cycles was measured and evaluated. The
results are shown in Fig. 6. Qualitative/quantitative anal-
yses were conducted with GC and GC-MS, and gener-
ation of corresponding toluene (for 4-chlorotoluene) and
phenol (for 2-chlorophenol) was confirmed.

[0097] As shown in Fig. 6, in each case where a
4-chlorotoluene or 2-chlorophenol solution was used,
the remaining ratio of generated toluene or phenol de-
creased along with proceeding of the cycle. From this
result also, it was confirmed that the hydrogenation ap-
paratus 1 of the present invention is excellent in dehal-
ogenation treatment (hydrogenation) of halogenated ar-
omatic compounds.

Industrial Applicability

[0098] The present invention can be used advanta-
geously, for example, as a hydrogenation apparatus for
use in hydrogenating unsaturated hydrocarbons, halo-
genated compounds, long chain hydrocarbons and the
like, and as a method for hydrogenating the same.

Claims

1. Anorganic compound hydrogenation apparatus for
hydrogenating an organic compound comprising:

a reaction cell to which an electrolytic solution
is supplied; and

an anode and a cathode arranged in the reac-
tion cell,

wherein the cathode is made of a material in-
cluding a hydrogen storage material, the cathode
being arranged as a tubular member so that the or-
ganic compound as an object to be treated circu-
lates thereinside.

2. The organic compound hydrogenation apparatus
according to claim 1, wherein the hydrogen storage
material is palladium.

3. The organic compound hydrogenation apparatus
according to claim 1 or 2, wherein the cathode is
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formed by providing surface treatment on an inner
surface of the tubular member with the hydrogen
storage material.

The organic compound hydrogenation apparatus
according to claim 1 or 2, wherein the cathode is
formed by filling the tubular member with the hydro-
gen storage material.

A method for hydrogenating an organic compound
to hydrogenate the organic compound comprising:

by using a reaction cell having an anode and a
tubular cathode made of a hydrogen storage
material, applying voltage between the anode
and the cathode to electrolyze an electrolytic
solution existing between the anode and the
cathode; and

circulating the organic compound as the object
to be treated inside the tubular cathode to hy-
drogenate the organic compound .
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